Purpose. Accommodation is a dioptric change in power of the crystalline lens resulting from ciliary muscle contraction that leads to an increase in lens surface curvatures and thickness and changes in the position of lens surfaces. Previous studies have used A-scan ultrasound to measure changes in the position of lens surfaces with voluntary accommodation, but have not simultaneously measured the change in refraction. The goal of this study is to simultaneously measure and correlate refractive and biometric changes in the lens during voluntary accommodation in humans. Methods. Refraction was measured off-axis in the right eye and biometry on-axis in the left eye simultaneously during voluntary accommodation in 22 human subjects between the ages of 21 and 30 years (mean Ϯ standard deviation: 25.8 Ϯ 2.3 years). Subjects viewed a distant target and four near targets spanning the full accommodative range available to evaluate refraction and lens surface position at each accommodative state. Results. Maximum objectively measured accommodative amplitude of all subjects was 5.64 Ϯ 0.21 D (mean Ϯ standard error of mean). Biometric and refractive changes during accommodation were linearly correlated. The mean Ϯ standard error of mean decrease in anterior chamber depth was 0.051 Ϯ 0.008 mm/D, increase in lens thickness was 0.067 Ϯ 0.008 mm/D, and increase in anterior segment length was 0.017 Ϯ 0.005 mm/D during accommodation. There was a net anterior movement of the lens center of 0.017 Ϯ 0.005 mm/D. Conclusion. Anterior chamber depth, lens thickness, and anterior segment length change linearly with refraction during accommodation. Per-diopter changes in the lens were greater in the current study compared with previous studies in which only accommodative demand was measured, which overestimates the accommodative response. (Optom Vis Sci 2006;83:657-665) 
A ccommodation is defined as a dioptric change in the optical power of the eye brought about by ciliary muscle contraction. 1 Accommodation occurs with an effort to focus on a proximal or blurred target or with instillation of a parasympathomimetic agent. Accommodative optical change is brought about by an increase in curvature of the crystalline lens surfaces, an increase in lens thickness, and a decrease in lens equatorial diameter. [2] [3] [4] [5] [6] [7] [8] Amplitude of accommodation decreases gradually throughout life, resulting in presbyopia. 9 -11 Understanding optical and biometric changes in the lens is important for understanding the mechanism of accommodation and age-related changes leading to presbyopia.
Anterior segment biometry can be measured during accommodation to determine biometric changes that lead to refractive change. In vivo ocular biometry, including anterior chamber depth (ACD), lens thickness (LT), and anterior segment length (ASL), i.e., cornea to posterior lens surface, can be measured with Scheimpflug photography, partial coherence interferometry (PCI), ultrasound biomicroscopy, and A-scan ultrasonography (Table 1) . Several investigators have demonstrated an anterior movement of the anterior lens surface during accommodation. 3, 7, [12] [13] [14] [15] [16] [17] [18] [19] [20] Movements of the posterior lens surface during accommodation are less clear, and variation exists between studies as well as within studies, having been reported to move anteriorly, 13, 17, 21, 22 stay in the same position, 19, 21, 23 and move posteriorly. 7, 12, 18, 21, 24 Previous studies have measured changes in anterior segment biometry during voluntary accommodation in humans, but correlated these changes with accommodative stimulus demand as opposed to accommodative response. 7, 12, 25 When the data for one subject, measured with PCI, were replotted as a function of the stimulus demand, lens movements per diopter were nonlinear. 12, 26 The accommodative response is typically less than the demand resulting from inherent depth of focus of the eye, resulting in a lag of accommodation. [27] [28] [29] The accommodative stimulus response function generally demonstrates a lead for stimuli Ͻ1 D and a lag for stimuli Ͼ1 D. Maximum accommodative amplitude estimated by subjective reports of target clarity overestimate the objectively measured maximum accommodative amplitude. 10, 11, 16, 30, 31 Therefore, changes in anterior chamber depth and lens thickness per diopter of accommodation are likely to be underestimated when compared with stimulus demand and become nonlinear at high accommodative demands.
In a study in humans, biometric changes were measured and correlated with the accommodative response to a 4-D accommodative demand, which was calculated using phacometric and optical vergence measurements. 20 Only one accommodative state was measured, so no information about the linearity of the response is available. Another study measured biometry at four accommodative demands, 32 but the accommodative response was measured subsequent to biometry for the same accommodative stimulus amplitudes, which assumes the eye accommodates the same amount during biometry and subsequently during refraction measurements. Consecutive rather than simultaneous measurements of refraction and biometry may introduce variations, especially considering the very different conditions required for visualization of the stimulus with the contralateral eye during applanation A-scan versus noncontact refraction measurements. Similarly, Scheimp- flug photography has been used to measure biometry at several accommodative states followed by refraction measurements with a Hartinger coincidence refractometer. 17 The standard deviations of the measurements were large relative to the means, which may be the result of subsequent rather than simultaneous measurements of biometry and refraction.
Anterior segment biometry has also been measured during pharmacologically stimulated accommodation in humans. 19, 21, 33 Pharmacologic stimulation of accommodation results in a dramatic, concurrent pupil constriction resulting in a 1-to 2-mm pupil diameter after 25 minutes. 11 This can make objective measurement of accommodation difficult or impossible without a refractometer capable of measuring through such small pupils and can cause a significant overestimation of accommodative amplitude when measured subjectively as a result of an increase in depth of field from the small pupils. 11, 33 Pharmacologically stimulated ocular accommodative biometric changes differ from those induced by voluntary accommodation in humans 13, 19 and Edinger-Westphal stimulated accommodation in monkeys. 34 Pharmacologic stimulation in monkeys initially results in an increase in lens thickness and anterior movement of the anterior lens surface but with a subsequent anterior movement of the entire lens that is not seen with voluntary or Edinger-Westphal-stimulated accommodation. This has also been demonstrated in young 13, 21 and presbyopic 19, 22 human subjects. The pharmacologically induced anterior movement of the entire lens may further contribute to the refractive change.
In anesthetized rhesus monkeys, ocular biometry has been measured during accommodation with continuous ultrasound biometry, 26, 34 clinical A-scan ultrasonography, 35 and Scheimpflug photography. 23 Accommodation was stimulated through a permanent electrode in the Edinger-Westphal nucleus of the midbrain, and refraction was measured objectively. These studies show that changes in anterior segment biometry are linearly correlated with changes in refraction over the full range of the accommodative response.
Here, a clinical A-scan ultrasound instrument is used in young, prepresbyopic humans to measure lens biometric changes in one eye while simultaneously measuring changes in refraction in the contralateral eye for various accommodative states. Information about accommodative biometric changes in the normal phakic eye will lead to a further understanding of how the eye undergoes accommodative changes.
METHODS
Twenty-two subjects (10 male and 12 female), ages 21 to 30 years (mean Ϯ standard deviation [SD], 25.8 Ϯ 2.3) participated. The study followed the tenets of the Declaration of Helsinki and was performed in accordance with an institutionally approved human subjects protocol with full informed consent from the participants. All subjects were in good physical and ocular health and completed a questionnaire to ascertain any contraindications to participation. Exclusion criteria included astigmatism Ͼ2.00 D, amblyopia (best corrected vision Ͻ20/30 in one eye), prior ocular surgeries, ocular disease, and known sensitivities or contraindications to proparacaine.
All subjects were correctable to 20/20 distance acuity, and subjects with refractive errors greater than Ϯ 0.50 D were corrected with contact lenses. Seventeen subjects were corrected with soft contact lenses, two with rigid gas-permeable contact lenses, and three required no correction. Spherical equivalent refractive errors, determined from an eye examination within the prior year, for the right eyes ranged from ϩ0.75 to Ϫ6.00 D (mean Ϯ SD, Ϫ2. Subjective accommodative amplitude was first measured monocularly in each eye with the pushup test while the other eye was occluded. Subjects wore their distance corrections and were instructed to focus on 0.37-M letters of a near reading card at 50 cm. The chart was slowly brought closer to the eye until they reported first sustained blur. The reciprocal of three averaged near reading distances was recorded as the subjective accommodative amplitude for each eye.
The left eye was then occluded and distance refraction was measured in the right eye with a Hartinger coincidence refractometer (HCR; Zeiss, Jena, Germany), 36 which measured the spherical refraction in the horizontal meridian. The subject viewed a distant letter target at 20 feet with the right eye as seen reflected off a beam splitter mounted at 45°immediately in front of the HCR. Three measurements were recorded and averaged.
Accommodative amplitude was then measured objectively in the right eye with the HCR. The left eye was occluded, and the right eye viewed a near letter target reflected off the beam splitter. The subject was instructed to focus on the near target as it was slowly moved toward the eye on a track. The examiner continuously adjusted the mires of the HCR to neutralize the refraction as the eye accommodated until no further change in refraction was observed. The average of three dioptric differences between the most myopic-accommodated refraction observed and the distance refraction was recorded as the objectively measured accommodative amplitude.
The following approach was used to measure A-scan biometry in the left eye using a standard clinical A-scan ultrasound instrument (model A-5500; Sonomed, Lake Success, NY) set in applanation mode and refraction simultaneously in the right eye using the HCR. The subject sat with their head in the HCR chinrest. The right eye had a contact lens correction in place, if necessary, and the left eye was uncorrected. One drop of proparacaine 0.5% was instilled into the left eye. The left eye viewed past the side of the HCR at a laser fixation spot on the wall at approximately 1 meter to maintain primary gaze position. The right eye focused on the far or near targets reflected off the 45°angled beam splitter in front of the HCR. The distant letter chart, viewed reflected off the beam splitter by the right eye, was positioned so that one of the letters on the chart was seen by the subject superimposed with the laser fixation spot viewed by the left eye. Five A-scan measurements were then made in the left eye while the right eye maintained fixation on the letter on the distant letter chart. The laser fixation spot was not a stimulus to accommodate because it was not visible during the A-scan measurements because the transducer obscured the left eye. Distance refraction was measured in the right eye by one examiner with the HCR as A-scan biometry was simultaneously measured in the left eye by a second examiner. The target A-Scan Biometry and Refraction During Accommodation- Ostrin et al. 659 was then moved on the track closer to the subject's right eye until the maximum accommodative refractive change was achieved. The distance from the eye to the target was measured. As the target was moved closer to the right eye, alignment of the right eye with the HCR axis was maintained, but the left eye had a strong accommodative convergence response. The A-scan measurement could not be made in the left eye in this convergent posture as a result of the proximity of the side of the HCR. The left eye was returned to the primary gaze position to again fixate on the laser spot by changing the angle of the near target viewed by the right eye to cause the right eye to take on the convergence posture (Fig. 1) . The result was that the right eye was converged, the relative vergence between the two eyes was maintained, both eyes were accommodated, the right eye viewed the near target reflected off the beam splitter, and the left eye was in primary gaze position, aligned with the laser fixation spot. The near chart viewed by the right eye was therefore superimposed with the fixation spot seen with the left eye. The subject was then asked to attend to and focus on the near letter chart with the right eye. One drop of proparacaine was instilled into the left eye, and five A-scan measurements were made in the left eye by one examiner while three refraction measurements were simultaneously made in the right eye by the second examiner.
Three intermediate target distances between the far target and the near target position that produced maximum accommodation were chosen for each subject. These distances were chosen by dividing the maximum objectively measured accommodative amplitude by four to obtain three equally spaced accommodative states within the range of accommodative amplitude available in each subject. The near target was placed on the track perpendicular to the line of sight at the subject's near point and was then moved away from the subject while measuring the refraction with the HCR until the desired accommodative state was achieved. The refraction of the right eye was measured three times with the target at this position, along the optical axis of the right eye and with the laser fixation spot off, and the distance from the eye to the target was noted. The angle of the near target was then changed, maintaining the same distance from the eye until all accommodative convergence was taken up by the right eye, and the left eye was returned to view the laser spot in the primary gaze position superimposed on the near target seen off-axis with the right eye. A-scan biometry was measured five times in the left eye while refraction was measured simultaneously three times in the right eye. This procedure was repeated for each of the two other intermediate distances. Proparacaine was instilled as needed in the left eye. This resulted in simultaneous left eye A-scan and right eye refraction measurements at the far point, the near point, and three intermediate accommodative states for each subject. To ascertain if there is any systematic error resulting from the off-axis refraction measurements, refraction was also measured in the right eye for the same target distances while the right eye was in an on-axis posture and the on-axis and off-axis measurements were compared.
For each A-scan measurement, ACD, LT, vitreous chamber depth, and axial length were measured. Anterior segment length was determined by adding ACD and LT. The A-scan ultrasound instrument was set to a sound velocity of 1548 m/s. All data were recalculated using accepted sound velocities of 1532 m/s for the anterior and vitreous chambers and 1641 m/s for the lens, [37] [38] [39] and the raw data were not considered further. A single velocity was used for the lens as is typically done 18, 20, 35 despite a possible gradient of velocity in the lens cortex and nucleus. On-and off-axis accommodation in the right eye, measured with the HCR, was not systematically different for the same target distances ( Fig. 2A) . On-and off-axis refraction measurements were well correlated with r 2 ϭ 0.921. An orthogonal regression fit to the data has a slope of 1.03 and y-intercept of 0.28. Bland-Altman analysis was performed, which compares two measurement techniques, both of which have an associated error comparable to each other. 41 This analysis shows that the two measurements are comparable to each other without systematic differences, having a mean difference of -0.17 Ϯ 0.06 D and a 95% confidence interval of Ϯ 1.1 D (Fig. 2B) .
Axial length in the left eye was significantly linearly correlated with distance refractive error in the right eye (Fig. 3) . For emmetropes with refractive errors within Ϯ 0.50 D (n ϭ 3), axial length was 23.86 Ϯ 0.41 mm. For every diopter of refractive error, axial length increased (myopes) or decreased (hyperopes) on average by 0.36 Ϯ 0.08 mm/D. During accommodation, there was an increase in lens thickness with an overall anterior movement of the lens anterior surface and a posterior movement of the posterior surface (Fig. 4) . Biometric changes in the lens surface positions were linearly correlated with contralateral changes in refraction (mean Ϯ SEM and p for slope significantly different from 0 given below). Linear regression analysis shows that anterior chamber depth decreased 0.051 Ϯ 0.008 mm/D (p Ͻ 0.0001, Fig. 5A ), lens thickness increased 0.067 Ϯ Fig. 5D ). The change in lens thickness per diopter of accommodation for each individual was not significantly correlated with the accommodative response of the eye indicating that the ratio of the change in thickness to the accommodative response is the same for the first diopter and the last diopter of accommodation. There was a 2.1% increase in lens thickness per diopter of accommodation from rest. On average, 75% of the increase in axial lens thickness during accommodation can be accounted for by an anterior movement of the anterior lens surface, and 25% of the increase in lens thickness is the result of a posterior movement of the posterior lens surface. Overall, there was a 10.47% increase in lens thickness in the left eye for a maximum of 5.64 Ϯ 0.21 D of accommodation in the right eye.
For the maximum objectively measured accommodative amplitude of 5.64 D, the lens anterior surface moved anteriorly by 0.34 Ϯ 0.03 mm, lens thickness increased by 0.42 Ϯ 0.04 mm, and the posterior lens surface moved posteriorly by 0.08 Ϯ 0.02 mm. For 9% of subjects (n ϭ 2), there was less than Ϯ 0.02-mm movement of the posterior lens surface during maximum accommodation. Eighteen percent of subjects (n ϭ 4) had an anterior movement of the lens posterior surface of 0.05 to 0.08 mm, and 73% of subjects 
DISCUSSION
In this study, refraction in the right eye and anterior segment biometry in the left eye were measured simultaneously during voluntary accommodation in young humans. A linear relationship between refraction and biometry was found during accommodation for all subjects with the anterior lens surface moving anteriorly and the posterior lens surface moving posteriorly as the accommodated refraction became more myopic.
The accommodative refractive and biometric changes have not previously been measured simultaneously in the same eye with commercially available clinical instrumentation. The near triad of accommodation, convergence, and pupil constriction is bilaterally and neuronally coupled in the brain. Previous studies have shown that the accommodative response between the two eyes is equivalent, 42, 43 especially when the stimulus is presented monocularly. 44, 45 This allows stimulation of accommodation in one eye and measurement of accommodation-related biometric changes in the D and 0.75-D difference between eyes, respectively) , ocular refraction and axial length between the two eyes were significantly correlated for all subjects (Fig. 3) . The subjects were comprised of individuals with a range of refractive errors, including a large number of myopes. Myopes are known to have a larger accommodative lag compared with emmetropes. 46 However, in this study, the accommodative refractive change was measured with a refractometer and the corresponding biometric changes were measured with A-scan ultrasound. Therefore, by measuring the actual refractive and biometric changes, the issue of a lag of accommodation is avoided. Similarly, because the optical and biometric changes were compared, small errors in refractive corrections and changes in target size and luminance with target distance are irrelevant. It is possible that using subjects with a range of refractive errors, including myopes with an unknown etiology (stable versus progressing, early versus late onset), may have induced greater variability in the data than may have occurred if only emmetropic subjects had been used. However, interindividual variation in the changes in lens thickness per diopter of accommodation was not correlated with refractive error. Comparison of the on-and off-axis refraction measurements showed nonsystematic variation of up to 1 D. This variation may as much be the result of the on-and off-axis measurements as resulting from variations in the accommodative response to a given stimulus amplitude from one response to the next. It is this kind of variation in repeated measures of the accommodative response that may be present in other studies in which the biometry and accommodation are measured consecutively rather than simultaneously.
Previous measurements with the Hartinger coincidence refractometer in this laboratory have examined the effect of measuring refraction off-axis in the convergent eye by having a subject view distance targets at increasing off-axis positions up to 40°.
11 A variation in refraction of no more than 0.5 D was recorded for deviations of up to 22.8°. Another study showed that the refraction measured at 30°in the nasal field was 0.80 D more hyperopic in myopic children and 0.41 D more myopic in emmetropic children. 47 A subject with a normal accommodative convergence/accommodation (AC/A) ratio of 5/1 48 would converge in the measured eye no more than 20°for 7.5 D of accommodation. These values suggest that convergence would not systematically affect refraction as measured by the Hartinger with accommodation in this study. Our variations in off-axis Hartinger measured refraction are within previously reported values. 47, 49 Other instruments for measuring anterior segment biometry such as the ACMaster with PCI technology 12 and continuous ultrasonographic biometry 50 have higher precision than clinical Ascan instruments. The ACMaster is not yet available in the United States, but it may provide a method by which biometry and refraction can be measured simultaneously in the same eye.
Per-diopter biometric changes in the lens were greater in the current study compared with previous studies, in which biometry was compared with accommodative stimulus demand as opposed to accommodative response (Table 1) . Using stimulus demand introduces systematic errors that increase with increasing demand as a result of the increasing lag of accommodation. In this study, the subjectively measured accommodative amplitudes were more than 2 D greater than the objectively measured amplitudes. Therefore, comparisons with subjectively measured amplitudes or accommodative stimulus demand overestimate the response amplitude and result in smaller per-diopter changes in anterior segment biometry. Simultaneous measurements of refraction in one eye and biometry in the other eye as done in the present study are likely to result in smaller dioptric errors than the errors that would result if the biometry was compared with stimulus demand rather than a measured refractive response. Interestingly, the study that reported changes most similar to those reported here actually calculated the accommodative response (as opposed to measuring it) based on measured biometry, keratometry, and phakometry. 20 The per-diopter changes reported in previous studies are more similar to the per-diopter changes found in this study when biometry is compared with the subjectively measured accommodative amplitude (Table 1) .
Axial length, measured in the left eye, was linearly correlated with refractive error measured in the right eye. Average axial length of 23.86 Ϯ 0.41 mm for emmetropic eyes is similar to previous reports of 23.31mm 51 and 23.13 mm. 52 The change in axial length per diopter of unaccommodated refractive error of 0.36 Ϯ 0.08 mm, found in this study, is similar to previous reports of 0.35 mm/D 52 and 0.39 mm/D 53 from Stenstrom.
54
All subjects had an anterior movement of the anterior lens surface with accommodation. However, movements of the posterior lens surface were variable. Although there was an overall posterior movement of the posterior lens surface with accommodation, 27% of subjects showed no movement or an anterior movement. Other studies of voluntary accommodation in human subjects have reported similar variability. Coleman found an overall posterior movement, but 20% of subjects showed an anterior movement. Koretz et al. found that younger subjects tended to have a posterior movement of the posterior lens surface, whereas older subjects tended to have an anterior movement. 17 In the current study, only young subjects participated, so the differences found in posterior lens movements cannot be attributed to age. Here, there was no significant relationship between per-diopter changes in biometry and refractive error, baseline lens thickness, or maximum accommodative amplitude. Interindividual variability may be the result of the measurement uncertainties related to the experimental methods presented here, which required five repeated contact measures along the visual axis for each accommodative state. In Figure  5B , one subject shows almost zero change in lens thickness for a 4-D response. Outliers such as this may be the result of several factors, including the fact that the accommodative response and biometry are measured by different individuals, measurements may not be recorded at precisely the same time, and large fluctuations in accommodation may exist in a particular subject. The precision as determined from the mean standard deviation from all eyes found in this study was 137 m for anterior chamber depth and 109 m for lens thickness. Similar interindividual variation was also found in a study using PCI, which is a noncontact procedure with a precision of 8 to 10 m and resolution of 9 m. 12 Helmholtz, in his description of the accommodative mechanism, believed the posterior lens surface to be stationary during accommodation. 6 Based on recent studies in both humans and monkeys, this appears not to be the case. 34, 55 Understanding how the lens changes in the eye and how these physical changes relate to the optical accommodative changes provides important informa-A-Scan Biometry and Refraction During Accommodation- Ostrin et al. 663 tion on the accommodative mechanism and also may lead to a better understanding of whether accommodation may be restored with artificial accommodative intraocular lenses. The small net forward movement of the lens center (defined here as half the distance from the anterior surface to the posterior surface) is largely the result of the greater anterior movement of the anterior lens surface than posterior movement of the posterior surface and is not likely to represent a real forward shift of the lens as part of the accommodative mechanism.
Previous studies in monkeys show a linear relationship between changes in refraction and biometry during Edinger-Westphalstimulated accommodation, with all monkeys having a consistent posterior movement of the posterior lens surface. 26, 34, 35 The accommodative mechanism and anterior segment anatomy in Rhesus monkey eyes is similar to that of humans. 4, 56 Despite differences in eye size and accommodative amplitude between humans and monkeys, the results reported here for human eyes are consistent with those reported previously in monkeys. As found in the present study, in monkeys, approximately 75% of the increase in lens thickness is the result of an anterior movement of the anterior lens surface and approximately 25% is the result of the posterior movement of the posterior lens surface. 26, 34, 35 Biometric changes can be measured under more controlled conditions in anesthetized monkeys with the transducer mounted in a manipulator clamped in front of the eye. On the other hand, studies in humans generally use clinical A-scan instruments in which the probe is brought in contact with the cornea and removed for each measurement. Exact alignment and placement can vary between measurements. This may account in part for the greater variability in posterior surface measurements reported during accommodation in humans. Alignment during continuous ultrasound biometry can be maintained by fixating the transducer to a cup fixed on the limbal conjunctiva with vacuum, although this instrument is not commercially available. 57 In conclusion, changes in anterior segment biometry measured in one eye occur linearly with accommodative refractive changes in the other eye. In this study, per-diopter changes in biometry are larger than previously reported because changes have been correlated with objectively measured accommodative response rather than accommodative demand. Although there is interindividual variation, on average, the anterior surface of the lens moves anteriorly and the posterior surface of the lens moves posteriorly during a voluntary accommodative effort.
